Traditionally, most scientific publications in this field are focused on how atmospheric changes affect the Earth's climate. This article takes a less traditional view, addressing the issue of how atmospheric phenomena directly affect the geomechanics of the Earth. Measurement and research of seismic activity includes monitoring the magnitude and temporal/spatial propagation of microseisms in the Earth's crust, including the hydrosphere. The article describes a simple probabilistic model for the influence of atmospheric phenomena on the mechanics of the Earth's crust (a plane task involving a thin-walled circular strip (beam) rested on an elastic foundation). Random inputs (i.e. six atmospheric pressure changes along the circumference of the strip with the Earth's outer radius of 6378 km) were simulated using the Simulation-Based Reliability Assessment method (Monte Carlo method). The results of stochastic simulations (deflection, stresses) demonstrated the mutual relation between microseisms and atmospheric pressure changes. The influence of atmospheric changes on deflection and stress is small; nevertheless, cyclical atmospheric changes may influence the amplitude of the seismic signal. The influence of atmospheric pressure changes correlates with the amplitude of microseisms. This has also been confirmed by measurements at the OKC seismic station in Ostrava-Krásné Pole, Czech Republic.
Introduction
There are many scientific studies addressing general aspects of global climate changes in the atmosphere, reflecting various opinions; these studies generally conclude with an assessment and evaluation of global warming. However, global climate changes also have effects on the "dynamics" of the atmosphere, e.g. on changes in atmospheric pressure. This article presents an original and practical solution of the influence of atmospheric phenomena (i.e. atmospheric pressure) on the geomechanics of the Earth; see Fig. 1 . It is known that atmospheric phenomena increase or decrease pressure on the Earth's surface, thus leading to stress and deformation states in the Earth's crust. Such stress and deformation states remain the subject of ongoing research; see [1] , [2] , [3] and [11] . Scientific studies usually focus only on the measurement and evaluation of microseisms; see [1] , [2] and [11] . However, the primary focus of this article is on calculation-based models of the interaction between the atmosphere and the Earth's crust. There is a lack of credible geomechanical calculation-based models, so this article represents a significant contribution to research in this area.
Atmospheric phenomena in nature are characterized by a high degree of randomness (e.g. long-term forecasting of weather, temperature, pressure etc. cannot provide deterministic predictions, but can only predict outcomes with a certain degree of probability). In view of this fact, the best solution is the use of stochastic (probability-based) models (i.e. with inputs and outputs given by histograms which reflect the statistical/stochastic characteristics of the variables); see [5] , [6] , [8] and [12] . Alternative deterministic calculation methods (i.e. where all inputs and outputs are precisely defined numbers) are simple methods, but they do not reflect the typical randomness of nature; for this reason, deterministic methods are not suitable for application to the issues discussed here. This problem is thus a task for stochastic geomechanics, and the application of a probability-based method represents a novel, original approach in this field -an approach which is in line with the latest trends in current scientific research; see [5] , [6] and [12] .
Complicated (generally random/stochastic) changes in the Earth's crust can be simply modelled using the plane model of a thin strip (i.e. a beam, width 60 km, height 40 km and outer radius 6378 km) as a meridian rested on an elastic foundation; see [4] and [5] (substituting for the interaction of the Earth's crust and the layer below the crust). The surface of the Earth is subjected to constant continuous loading from the constant normal atmospheric pressure p 2 = 101325 Pa and a combination of six point forces F 1,2,3,4,5,6 of random size defined by bounded histograms; see Fig. 1 and 2 (i.e. possible local pressure changes of atmospheric phenomena). These forces are mutually independent of each other. It is clear from longterm meteorological forecasting that the precise atmospheric pressure at a given location cannot be determined with absolute precision. Nevertheless, the random nature of atmospheric pressure means that these forces can be assumed to be random and mutually independent of each other; see also the text in sections 2 and 3. The article determines results and correlations for radial deflection (displacement) of the Earth's crust and stresses at a general point in the Earth's crust. The calculations apply the stochastic approach of the Simulation-Based Reliability Assessment (SBRA) Method, i.e. the direct Monte Carlo method, and are conducted using Anthill software; see [5] , [6] and [12] .
Reference [11] presents an analysis of microseisms generated by "Superstorm Sandy" as recorded by the "Earthscope Transportable Array" during October and November 2012. The power of Sandy was roughly comparable to the background microseisms generated by wave-wave interactions in the North Atlantic and North Pacific Oceans. Reference [11] thus proves the influence of extreme atmospheric pressures on microseisms.
However, this article also demonstrates (in accordance with [1] and [2] ) that the character of microseisms is not only affected by extreme high or low pressure (as shown in [11] ), but is also evidently influenced by low-intensity changes in atmospheric pressure.
The deflections and stresses caused by atmospheric phenomena in the Earth's crust are small; nevertheless, cyclical atmospheric changes may influence the amplitude of the seismic signal (confirmed by measurements at the OKC seismic station in Ostrava-Krásné Pole, Czech Republic); see [1] .
This article therefore presents a novel and original method for determining stress and deformation states in the Earth's crust. This method can also be applied to other planets with atmospheres, both in our solar system or elsewhere in the universe. 
where b = 60 km is the width of the strip; see Fig. 1 and 2. The strip (the Earth's crust) is thus loaded with constant pressure p 2 and individual forces F 1,2,3,4,5,6 which are acting on the typical area b 2 = 3.6 × 10 9 m 2 ; see Fig. 2 . The model assumes the combination of six possible and mutually independent pressure systems in the atmosphere (within an interval from extreme low pressure p min to extreme high pressure p max at points 1 to 6 on the Earth's surface).
The thin strip (see Fig. 1 and 2), as a meridian of the Earth, has the outer radius R 2 = 6378 km, inner radius R 1 = 6338 km, central radius R = (R 2 + R 1 )/2 = 6358 km, height h = 40 km, width b = 60 km and elastic modulus E = 5×10 10 Pa. The Earth's crust is considered to be an isotropic, homogeneous and elastic material (i.e. a suitable simplification).
The interaction between the Earth's crust and the layer below the crust can be simply and effectively simulated by an elastic foundation (a continuous spring) according to Winkler (see [4] , [5] and [13] ), where the ground compressibility modulus (i.e. foundation modulus) = 6×10 4 Nm -3 . For the calculation of the deflection (radial displacement) of the Earth's crust at a general point,
where
The angles in Eq. (3) 
For the calculation of radial stresses The equations incorporate the constant κ = 0.9, which characterizes a near-liquid state environment on radius R 1 . If κ were equal to 1, it would describe hydrostatic stress on radius R 1 .
Equation (8) is based on the engineering theory of pressure vessels (i.e. cylindrical tanks) in mechanics.
For the calculation of tangential stresses (superposition of bending stresses, compression stresses and stresses from constant pressure p 2 ) on radii R 1 and R 2 ,
where the constants
For more details see [4] and [7] . Reduced stress is frequently used in engineering mechanics to determine the reliability of structures. For a qualitative and quantitative assessment of plane stress in a polar coordinate system (see Fig. 3 ) it is desirable to define equivalent (reduced) stress, e.g. according to von Mises (HMH hypothesis). Thus, for stress on radii R 1 and R 2 , 
Stochastic Simulation
The SBRA method is a type of simulation which was developed in order to apply the available capacity of personal computers for the purpose of achieving qualitative improvements in the assessment of reliability of structures and machine components. The input values are defined by bounded histograms. The stochastic outputs are simulated using the direct Monte Carlo method; see [5] , [6] and [12] . The application of a stochastic approach in geomechanics for the task of determining stress and deformation states caused in the Earth's crust by atmospheric phenomena represents a novel, original use of the method.
In accordance with section 2, the equations for the calculation of deflection and stresses 1 and 2 were defined; see Eq. (2) and (14).
Forces F 1,2,3,4,5,6 (i.e. 6 random and independent inputs) are defined by histograms; see Fig. 2 and 4 , Tab. 1, and Eq. (1), which also describe extreme low and high pressures acting on the Earth. It is evident from the nature of symmetrical histograms (Fig. 4 and Stochastic simulations were carried out using Anthill software for 3×10 6 simulations using the Monte Carlo method. 
Stochastic Results
This section presents the final results of the calculations carried out according to the proposed model as outlined in the previous text. After the simulation in Anthill software, the required stochastic results were obtained (the calculation for 3×10 6 simulations using the Monte Carlo method took approx. 10 minutes on a normal laptop computer). The three most significant results obtained in this way were selected (radial deflection, and two reduced von Mises stresses). Figure 5 shows the resulting histogram of radial deflection (displacement) at a general point on the surface of the Earth's crust caused by atmospheric pressure changes. This histogram shows the possible change (compression) of the Earth's radius caused by atmospheric phenomena; see Eq. (2). The result indicates that the value of radial deflection is probably within the interval = (-1.74395; -1.57869) m. Figure 6 shows the resulting histogram of reduced (equivalent) von Mises stress on radius R 1 (the inner radius of the Earth's crust) at a general point located at a depth of 40 km below the Earth's surface (at the lower boundary of the Earth's crust). Although the input histograms of forces F 1,2,3,4,5,6 (Fig. 4) are symmetrical, the results given by the stochastic linear combination of these histograms are asymmetrical; see Eq. (2), (9) and (10) . However, this is not at variance with mathematical statistics. Eq. (14) contains exponents, multiplication and radicals, creating even greater asymmetry in the resulting histograms ( Fig. 6  and 7) .
The statistical characteristics of the histograms from The characteristics of the stress caused only by the separate action of atmospheric pressure can be described in terms of an interval of values using the equation
i.e.
= (0.08769 ; 0.14241) MPa.
It is known that microseismic phenomena in the Earth's crust are caused by stress changes in the Earth's crust; see the results given by Eq. (16). Their effects are also connected with changes in atmospheric pressure.
Due to the nature of the Earth's macrovolume, the direct verification of changes in the Earth's radius (i.e.
) is very difficult and costly, and no reliable measurement data exist. The same applies to stress (i.e.
). Nevertheless, a major benefit of this article is the quantification of these results using stochastic simulations and the determination of the intervals of the values.
The relation between the obtained results and the microseismicity of the Earth (i.e. the correlation between measured changes in atmospheric pressure and changes in the amplitude of microseisms; see 1, 2 and Fig. 8) is discussed in the following section. Figure 8 is not a direct result of the study presented in this article; it is merely our processing of data taken from references 1 and 2. However, the results shown in Fig. 8 are in accordance with our stochastic simulations. 
Conclusion
This is the first publication to present the direct application of stochastic/probabilistic models which adequately reflect the variability and randomness of loading in a system as complex and extensive as the structure of the Earth. This approach is in accordance with the randomness of natural phenomena. The combination of the SBRA method with a simple and effective approximation of the Earth's crust as a 2D thin strip -a circular beam rested on an elastic foundation combined with a cylindrical vessel (i.e. calculated displacement and stresses) -is also a new development in geomechanics.
This article addresses the effects of the separate influences of atmospheric phenomena on the Earth's crust. To model the stress and deformation states at a general point on the Earth's surface, a thin strip (beam/cylindrical vessel) rested on an elastic foundation was applied as a stochastic mechanical task (combined loading by bending and compression -plane stress).
Winkler's elastic foundation appears to be a simple, rapid and sufficiently precise approximation of the contact of the Earth's crust with the layer below the crust.
The strip was loaded with constant normal atmospheric pressure and a combination of six random and independent forces derived from random changes in the range of high or low pressure at six points on the Earth's surface. These forces were prescribed by bounded histograms.
The model presented here gives a good description of the results from the perspective of the complete entity (the macrovolume of the Earth); it does not aim to address local non-homogeneities such as cracks, subductions etc. in the Earth's surface. In the future, these local nonhomogeneities may be included in new models. However, this will require such future models and calculations to be more complex and demanding.
The calculation was carried out using Anthill software (direct Monte Carlo method, SBRA method) for 3×10 6 (16)).
These values demonstrate that changes in atmospheric pressure cause changes in deformation and stresses at a general point on the Earth's surface. These changes become smaller at greater depths from the surface, and the greatest changes are on the surface (this is connected with the damping effects of vast bodies such as the Earth). According to the model, the changes in reduced stress according to von Mises inside the Earth's crust are within the interval given in (16).
The deflections and stresses are small; nevertheless, cyclical atmospheric changes may influence the amplitude of the seismic signal. The influence of atmospheric pressure changes correlates with the amplitude of microseisms; see Fig. 8 (example of measurements taken between 1.1.2009 and 31.12.2010 at the OKC seismic station in Ostrava-Krásné Pole, Czech Republic), where the greatest amplitude of the microseism (the measured seismic signal) correlates directly with the greatest changes in atmospheric pressure. This correlation is explained further in 1.
The correlation between large-scale atmospheric phenomena (i.e. extreme high and low pressure) and microseisms is also shown by 11. However, this observation can also be extended to general changes in pressure (i.e. also small-scale changes) throughout a defined interval; see 1 and 2. Even small-scale changes in atmospheric pressure thus have an influence on changes in the amplitude of microseisms. Up to now, however, no method had existed for calculating the related deformations and stresses; this is the key contribution made by this article. The method will be further developed in the future, in order to achieve greater accuracy.
Our model shows that changes in atmospheric pressure influence the behaviour of microseismic phenomena in the Earth's crust. However, the model does not show the size or significance of these atmospheric phenomena compared with other factors acting on the Earth's crust -e.g. the periodic heating of the surface by solar radiation (see our study 8), gravitation, the tidal effects of the Sun and the Moon, and the transfer of mechanical ocean waves to continents. All these factors have demonstrable effects on the global microseisms of the Earth. In the future, our model will be expanded to include the above-mentioned factors.
In conclusion, it can be stated that changes in atmospheric conditions belong among those mechanisms which maintain and trigger global microseisms.
The method presented in this article can also be used for modelling similar atmospheric effects on the surfaces of planets. Suitable subjects would be the planets and moons of our solar system (e.g. Venus has the densest atmosphere of all planets in the solar system, Jupiter has the longest-lasting atmospheric storm, etc.). Other potential applications include planets that have been discovered in other star systems of the Milky Way, e.g. by the well-known Spacecraft Kepler mission [14] ; however, we currently lack information on the atmospheres of these planets.
Another stochastic task carried out by the authors concerns the motion of tectonic plates caused by the cyclical heating of continental surfaces due to solar exposure; see 8.
For more information about applications of stochastic approaches see 5, 6, 9, 10 and 12.
